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The reaction of N-methyl-N-(2,4,6-trinitrophenyl)glycinamide (Ic) with methoxide in methanol 
produces the spiro adduct IIc(A) * . In methanolic acetate buffers, the equilibrium is rapidly 
established between the spiro adduct IIc(A) and the dipolar ion of 2-methylamino-N-(2,4,6-
-trinitrophenyl)acetamide (IIIc(Z». The equilibrium constant of the reaction IIIc(Z) =<=t IIc(A) + 
H+ is by eight orders of magnitude greater than that of the analogous cyclization of 2-methyl­
amino-N-methyl-N-(2,4,6-trinitrophenyl)acetamide to the spiro adduct. In chloroacetate buffers, 
the dipolar ion is protonated to give 2-methylammonium-N-(2,4,6-trinitrophenyl)acetamide 
IIIc(K). The kinetics of the reversible reaction IIIc(Z) =<=t IIc(A) + H+ has been studied in acetate 
buffers, aliphatic amine - ammonium salt buffers, and methoxide solutions. In all the cases, the 
rate-limiting step was the proton transfer with half-lives in milliseconds. In more basic methanolic 
buffers (pH> 10) the rate-limiting step consists in the formation of spiro adduct from the zwit­
terion IIIc(Z) resulting from the protonation of the anion IIIc(A). In acetate buffers, the second 
reaction pathway via the cation IIIc(K) is predominant. 

Our previous papers1 ,2 dealt with the formation of spiro adducts from N-methyl-N­
-(2,4,6-trinitrophenyl)glycine methylamide (Ia) and N-(2,4,6-trinitrophenyl)alanine 
methylamide (Ib) and the subsequent opening of the spiro adduct giving hydro­
chlorides of 2-methylamino-N-methyl-N-(2,4,6-trinitrophenyl)acetamide (IIIa(K)) 
and 2-amino-N-methyl-N-(2,4,6-trinitrophenyl)propanamide (IIIb(K)), respectively, 
see Eq. (A). 
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* Some of the compounds dealt with in the present paper exist in two or more acid-base 
forms. In order to make the text clearer, we add (in brackets) the charge type to each compound 
number, viz. (K) cation, (A) anion, (Z) zwitterion, (0) without charge. 
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602 Kavalek, Machacek, Hassanien, Sterba: 

The equilibrium between the spiro adduct IIa(A) and the protonated product of the 
Smiles rearrangement IIIa(K) was studied! in aniline-anilinium chloride buffers. 
In the case of N-(2,4,6-trinitrophenyl)alanine methylamide Ib, the equilibrium 
between the negatively charged spiro adduct IIb(A) and the spiro adduct zwitterion 
IIb(Z) is established in the aniline-anilinium chloride buffers, whereas in 4-bromo­
aniline-4-bromoanilinium chloride buffers the equilibrium is established between 
the zwitterion IIb(Z) and the protonated product IIIb(K) of the Smiles rearrangement 
(Scheme 1). The equilibrium mixtures of IIa(A) and IIb(A) with the rearrangement 
products IIIa(K) and IIIb(K), respectively, never contained spectroscopically detec­
table amounts of the neutral rearrangement products IIIa(O) and IIIb(O), respectively, 
which is obviously due to great cyclization ability of these compounds. 
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In the case of N-methyl-N-(2,4,6-trinitrophenyl)glycinamide Ie, the neutral product 
lIIe(O) of the Smiles rearrangement can be stabilized via the proton migration giving 
the zwitterion IIle(Z) which is unable of cyclization (see Eq. (B) where Pi = 2,4,6-
_trinitrophenyl). 
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Formation of Spiro Adduct from N-Methyl-N-picryl(glycinamide) 603 

In addition to it, the rearrangement product IIIe lacks (as compared with the com­
pounds IIIa(K) and IIIb(K» the methyl group at the nitrogen atom of trinitro­
phenylamino group, the sterical effect of this methyl group being very favourable 
for the reverse cyclization to the spiro adduct. 

The aim of this work is to find the extent to which these factors affect the equi­
librium between the spiro adduct IIe(A) and the Smiles rearrangement product 
and investigate the kinetics of the reactions taking place. 

EXPERIMENTAL 

The 13C and 1 H NMR spectra were measured at 25·047 and 99'602 MHz, respectively, with 
a JNM FX-loo (JEOL) spectrometer. The samples used for the measurements were about 10% 
solutions of the compounds in hexadeuteriodimethyl sulphoxide. The oe 3 C) chemical shifts 
are related to the middle signal of the solvent multiplet (0 39'6), the oe H) chemical shifts are 
related to hexamethyldisiloxane (0 0'05). 

N-Methyl-N-(2,4,6-trinitrophenyl)glycinamide (Ie) was prepared from l-chloro-2,4,6-trinitro­
benzene and N-methylglycinamide hydrochloride by the procedure described for N-methyl-N­
-(2,4,6-trinitrophenyl)glycine methylamide l . Yield 83%, m.p. 145-147°C (ethyl acetate). For 
C9H9NS07 (299'2) calculated: 36'13% C, 3'03% H, 23'41% N; found: 36'31% C, 3'31% H, 
23·21% N. IH NMR (hexadeuteriodimethyl sulphoxide): 8'91 s, 2 H (Pi); 7·31 and 7·40 b, 2 H 
(NH2 ); 3·72 s, 2 H (CH2 ); 2'96 s, 3 H (NCH3). 13C NMR (hexadeuteriodimethyl sulphoxide): 
166'38 (CO), 143'09 (C-l), 143'38 (C-2,6), 125'54 (C-3,5), 137'94 (C-4), 57'38 (CH2 ), 41·71 
(NCH3)· 

The sodium salt of spiro adduct IIc(A) was prepared by the procedure described1 •2 for the 
spiro adducts IIa(A) and IIb(A). Yield 96%; the substance is graduaIly decomposed on heating. 
IH NMR (hexadeuteriodimethyl sulphoxide): 8'55 s, 2 H (Ar); 3'34 s, 2 H (CH2 ); 3·7 b, 1 H 
(NH); 2'20 s, 3 H (NCH3). 13C NMR (hexadeuteriodimethyl sulphoxide): 172'87 (CO), 78·45 
(C-l), 131'62 (C-2,6), 126'54 (C-3,5), 118'05 (C-4), 57'05 (CH2 ), 34·22 (CH3). 

2-Methylamino-N-(2,4,6-trinitrophenyl)acetamide hydrochloride IIIc(K) was prepared by the 
procedure described l for 2-methylamino-N-methyl-N-(2,4,6-trinitrophenyl)acetamide. Yield 
63% after recrystallization from ethanol with addition of methanolic HC!. The compound 
undergoes slow cyclization on heating. For C9Hl0CINs07 (335'7) calculated: 32·20% C, 3'00% H, 
10'56% Cl, 20'87% N; found: 32·43% C, 3'20% H, 10'84% Cl, 20'87% N. 1 H NMR (hexadeuterio­
dimethyl sulphoxide): 9'06 s, 2 H (Pi); 9'7 b, 1 H (NH); 4'10 s, 2 H (CH2); 2'63 s, 3 H (NCH3). 

13C NMR (hexadeuteriodimethyl sulphoxide): 165'85 (CO), 144·14 (C-I), 145'08 (C-2,6), 124'78 
(C-3,5), 128'70 (C-4), 49·49 (CH2 ), 32'87 (CH3). 

The measurements of kinetics and equilibria were carried out at 25°C. 

a) The equilibrium IIc(A) ~ IlIc(O) + IIIc(Z) was measured by means of a Specord (Zeiss) 
spectrophotometer in acetate buffers [CH3 COONaj/[CH3 COOH] = 4 to 0'25, [CH3COONa] = 
= 1= 0'04. A solution of IIc(A) (0'4 m12'5 . 10- 4 moll-I) was added to 1'6 ml acetate buffer, 
and the spectra were measured in the region of 330 to 630 nm. The equilibrium constant was 
calculated from the absorbances at 500 nm. 

b) The equilibrium IIIc(K) ~ IlIc(O) + H+ was measured in the same way in chloroacetate 
buffers [ClCH2 COOHl/[ClCH2 COONaj = 4 to 0'125, [ClCH2 COONaj = 1= 0,04, at A. = 

= 384 nm (the isosbestic point of IIc(A) and IIIc(Z». 
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c) Kinetics of the reaction Ic- IIc(A) was followed on the Speeord (Zeiss) spectrophoto­
meter. A methanolic solution of Ic (20 III 7 . 10 - 3 mol 1- 1) was added to 2 ml methoxide solution 
(7 . 10-4 to 3 . 10- 3 moll- 1), and the absorbance increase was measured at 500 nm. The rate 
constants were calculated from the relation kt = -2'3 log (Aoo - At) + const. 

d) The rate constants of the reversible reaction IIc(A) ~ IIIc(Z) + IIIc(O) were determined 
with a stopped-flow spectrophotometer Durrum D-llO. The reaction was realized by mixing 
equal volumes of methanolic IIc(A) or IIIc(K) (6. 10- 5 to 2. 10- 4 moll- 1) and methanolic 
buffer or methoxide (2.10- 3 to 1'6.10- 2 mol 1- 1). The following 1: 1 mixtures were used 
as the buffers: I-butylamine-l-butylammonium chloride, piperidine-piperidinium chloride, 
triethylamine-triethylammonium chloride (the concentration of base from 2. 10- 3 to 8. 
· 10- 2 mol 1- 1); also used were piperidine-piperidinium chloride 4: I, [CS Hll N] = 1 . 10- 3 
to 4.10- 2 moll- 1 , acetate buffers [CH3COOH]f[CH3COONa] = 4, 3,2, 1,0'5,0'25,0'125. 
In the buffers with [CH3COONa] > [CH3COOH] it was [CH3COONaj = 3. 10- 4 to 8. 
· 10- 2 moll- 1 , whereas in the buffers with [CH3COONa] < [CH3 COOH], where the reactions 
are very fast, the maximum acetate concentration was lowered down to [CH3COONa] = 
= 4 . 10- 3 mol 1- 1. At higher buffer concentrations, the rate constant could not be reliably 
determined. A series of measurements was carried out in 1 : 1 triethylamine-triethylammonium 
chloride buffers ([(C2HshN] = 1 . 10- 2 and 3. 10- 2 moll- 1) with gradual addition of sodium 
acetate solution to make its concentration in the buffer equal to 0- 6 . 10- 2 mol 1- 1, as well as 
in the acetate buffer [CH3COONa]([CH3COOH] = 100, rCH3COONa] = 8.10- 3 to 5. 
· 10- 2 moll- I. In all the buffers the ionic strength was adjusted at 1= 0'08 moll-I by addition 
of methanolic NaC!. 

The spiro adduct IIc(A) stock solution was prepared by addition of O' 5 ml 0·1 moll- 1 metho­
xide to 10 ml 2. 10 - 3 moll-I methanolic Ic and completing the required volume after c. 
15 min. The stock solution of 1 . 10- 4 moll-I IIIc(K) was prepared by dissolving 2-methyl­
amino-N-(2,4,6-trinitrophenyl)acetamide hydrochloride in 10-4 moll- 1 methanolic HCI. 
Both the solutions were further diluted if necessary. 

When using the methoxide solutions and butylamine, piperidine, triethylamine and acetate 
buffers with [CH3COONa]([CH3COOH] = 100 to 0'5 for the measurements, we followed the 
establishing of the equilibrium starting from compound IIIc(K), whereas for [CH3COONa]( 
([CH3COOH] ~ 1 the equilibrium was established from the side of compound Ilc(A). Hence, 
in two acetate buffers the equilibrium was followed from both sides. 

The measurements were carried out at A. = 500 nm. The dependence of absorbance vs time 
was transferred from the memory of a PM 3 311 (Philips) oscilloscope to a BAK 5T (ZPA 
Cakovice) recorder, and the rate constants were calculated in the standard way. 

RESULTS AND DISCUSSION 

The reaction of N-methyl-N-(2,4,6-trinitrophenyl)glycinamide Ie with methanolic 
methoxide gives the spiro adduct IIe(A) which was isolated and identified by its 
1 Hand 13C NMR spectra. On addition of methanolic HCI, the spiro adduct is 
converted practically immediately into the colourless hydrochloride of 2-methyl­
amino-N-(2,4,6-trinitrophenyl)acetamide IIIe(K) which was isolated and identified, 
too. The formation of the spiro adduct IIe (A) is described in Scheme 2. The reactions 
taking place were followed spectroscopically at [CH30-] = 4. 10- 4 to 3 . 10- 3 mol. 
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. 1- 1 . Under these conditions, the concentrations of both the conjugated base of 
compound Ic and the 1,3-adduct* can be neglected (as compared with the concentra­
tion of compound Ic), hence the dependence of experimental rate constant kexp 

on [CH30-] is linear (Eq. (1)). 

(1) 

The bimolecular rate constant k2 = K1kc = 121 mol- 1 S-1 is about fifteen times 
smaller than that of the cyclization of N-methyl-N-(2,4,6-trinitrophenyl) glycinemethyl­
amide (k2 = 175 1 mol- 1 s -1, reU). This means that the replacement of hydrogen 
atom of the amidic group by a methyl group causes acceleration of the base-catalyzed 
cyclization by about one order of magnitude. A similar acceleration was observed 
earlier in base-catalyzed cyclizations giving five-membered 5 •6 and six-membered 
cycles 7. 

Transformation of Spiro Adduct IIc(A) into the Smiles Rearrangement Products 

An addition of 20 J.ll methanolic acetate buffer ([CH3COOH]/[CH3COONa] = 1, 
[CH3COONa] = 2.10- 2 moll- 1) to 2 ml solution of 3'36.10- 5 moll- 1 spiro 
adduct IIc(A) in about 10- 3 moll- 1 methoxide brings about an immediate absor-

• According to refs3 •4 , the equilibrium constants of formation of the 1,3-adducts of N-
-alkyipicramides with methoxide have the values of 10-20. 
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bance decrease at A. > 384 nm and an absorbance increase at A. < 384 nm (Fig. 1). 
Addition of further 20 I!l acetate buffer ([CH3COOH]/[CH3COONa] = 6, 
[CH3COONa] = 2 . 10 - 2 moll-I, the resultant buffer components ratio 
[CH3COONa]/[CH3COOH] ~ 0·4) causes another immediate spectral change 
in the same direction as above, and the spectrum obtained approaches in its character 
that of the starting compound Ie (Fig. 1, the spectra 4 and 5). The presence of the 
starting compound was excluded by the fact that a subsequent acidification of the 
mixture with 20 I!l 3 moll- I methanolic HCI makes the spectrum identical with 
that of compound IIIe(K) (which was prepared on preparative scale). On the other 
hand, an addition of excess acetate to the mixture exhibiting the spectrum 4 (Fig. 1) 
again produces the spiro adduct IIe(A). The spectra of the starting compound Ie 
in methanolic acetate buffers and in methanolic HCI are identical. The only possible 
explanation of the observation described is that in acetate buffers equilibrium is 
established between the spiro adduct IIe(A) and the neutral 2-methylamino-N­
-(2,4,6-trinitrophenyl)acetamide IIIe(O) which is predominantly present in the form 
of the zwitterion IIIe(Z) in methanolic solutions (Eq. (C». With increasing H+ 
concentration, equilibrium is established between the zwitterion IIIe(Z) a~d the 
protonated compound IIIe(K). (Eq.(D». 

IIe(A) + H+ 

(-) (+) 

PiNCOCH2NH2CH3 + H+ 

(-) (+) 

PiNCOCH2NH2CH3 

(+) 
PiNHCOCH2NH2 CH3 

(C) 
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This reaction mechanism was confirmed by the measurements of the equilibrium 

FIG. 1 

The electronic spectra of N-methyl-N-(2,4,6-
-trinitrophenyl)glycinamide Ie in methanol 
(spectrum 1), spiro adduct Ile(A) in 
10- 3 moll- I CH30Na (spectrum 2), the 
mixture after addition of 20 ~l acetate 
buffer ([CH3COOH]/[CH3COONa] = I, 
[CH3COONa] = 2.10- 2 moll-I, spec­
trum 3), after further addition of 20 ~l 
acetate buffer ([CH3COOH]/[CH3COONa] 
= 6, [CH3COONa] = 2.10- 2 moll-I, 
spectrum 4), and compound IlIa(K) in 
3.10- 2 moll- I methanolic HCI (spec­
trum 5); the concentration of the compound 
was always 3·36. 10- 5 moll- I 
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constants between the spiro adduct and compounds IIIc(O) + IIIc(Z) in acetate 
buffers and those of the dissociation constant of IIIc(K) to IIIc(Z) in chloroacetate 
buffers. 

The equilibrium constant KA2 is defined by the relation (2), where A means the 
absorbance of the compound mixture IIc(A), IIIc(Z) , and IIIc(K) measured at 
500 nm, and All means the absorbance of the spiro adduct IIc(A) alone measured 
at the same wavelength and concentration. The absorbance A is proportional to the 
concentration of spiro adduct IIc(A) in the equilibrium mixture, the difference 
(All - A) being proportional to the sum of concentrations of IIIc(K) + IIIc(Z). 
The expression (1 + [H+J/KAtl corresponds to the share of IIIc(Z) in the mixture 
of IIIc(Z) and IIIc(K) , and it makes itself felt in the most acidic acetate buffers 
in which IIIc(K) is present beside IIIc(Z). Negative logarithm of the equilibrium 
constant KA2 was calculated from Eq. (3) where the value 9·52 corresponds to pKA 
of acetic acid in methanol8 , 0·25 represents the correction for ionic strength8 ,9, and 
0·02 is the ApKA found from the dependence oflog R (Eq. (2)) on log ([CH3COONa J/ 
/[CH 3COOHJ). 

pKA2 = 9·52 - 0·25 - 0·02 = 9'25 ± 0·03 

(4) 

The dissociation constant of compound IIIc(K) was determined in similar way 
from Eq. (4), where AZ is the absorbance of zwitterion IIIc(Z) measured in the 
isosbestic point 384 nm of its spectrum with that of IIc(A); AK stands for the ab­
sorbance of compound IIIc(K). The expression in the numerator is proportional 
to the concentration sum [IIIc(Z)J + [IIc(A)] , that in the denominator is propor­
tional to [IIIc(K)], and the expression in the brackets represents the share of IIIc(Z) 
in its equilibrium mixture with the spiro adduct IIc(A) and makes itself felt in the 
most basic chloroacetate buffers. The pKA3 value of compound IIIc(K) was calculated 
from Eq. (5), where 7·96 represents the pKA value of chloroacetic acid in methanol8 , 

0·25 is the correction for ionic strength, and ApKA = 0·30 

pKA3 = 7'96 - 0·25 + 0·30 = 8·01 ± 0·05. (5) 

The behaviour of spiro adduct IIc(A) in its relation to the Smiles rearrangement 
products is different from that of the spiro adducts studied earlier, especially of 
IIa(A). 
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In the transformation of spiro adduct IIa(A) into the rearrangement product 
IIIa(K), the concentration of the neutral form IIIa(O) of the rearrangement product 
is negligibly low over the whole pH range studied (the zwitterion type IIIc(Z) cannot 
be formed). Hence, the pH dependence of the absorbance ratio coresponding to the 
[IIa(A)]j[IlIa(K)] ratio is linear with the slope 2 (reU), whereas in the case of spiro 
adduct IIc(A) the transformation into the rearrangement product IlIc(K) proceeds 
in two separated steps. The concentration ratio of the neutral and positively charged 
forms of the rearrangement product is given by Eq. (6) 

[IIIc(K)] : ([IIIc(Z)] + [IIIc(O)]) : [IIc(A)] = 

= 1 : (KA3j[H+]) : (KAzKA3j[H+Y) . (6) 

This means that the compounds IIIc(K) and IIc(A) are present in the equilibrium 
mixture in the ratio of 1 : 1 at pH = (pKAZ + pKA3)j2 = 8·63. At this pH value, 
the compounds of Eq. (6) are in the ratio of 1 : 4·2 : 1. Hence, the concentration 
equality [lIc(A)] = [IIIc(K)] is attained at an H+ concentration by three orders 
lower than in the case of compounds IIa(A) and (Z-IIIa(K) + E-lIla(K)) which 
stand in the ratio 1 : 1 at pH 5·53 (ref. 1). The ratio [Z-IIIa(K)]j[E-IIIa(K)] = 2·5, 
hence the equal concentrations [IIa(A)] = [Z-IlIa(K)] are reached at pH 5·38. 
From the pKA = 9·27 determined for the compound Z-IlIa(K) from kinetic measure­
ments1 it can be calculated that the ratio is [Z-IIIa(O)]j[lIa(A)] = 1.25.10- 4 at 
pH 5·35, hence at pH 9·27 (when the concentrations are [Z-IIIc(Z)] = [IIc(A)] = 1) 
the compounds Z-IIIa(O) and IIa( A) are present in the ratio of 1·6 . 10- 8 : 1. 

Thus the stability ratio of the spiro adduct lIa(A) to the neutral rearrangement 
product Z-IlIa(O) is by about 8 orders of magnitude greater than the stability ratio 
of the spiro adductIIc(A) to the zwitterion Z-IIIc(Z). The cyclization of the Z-forms 
of the rearrangement products proceeds in two stepsl: in the first step the Z-form 
is isomerized to the E-form, in the second step the E-form is cyclized to the spiro 
adduct. The difference of almost eight orders in the relative stabilities of the spiro 
adducts II and the non-cyclizing Z-forms of the rearrangement product III (un­
charged for IlIa and predominantly zwitterion for IIIc) is divided into both reaction 
steps of the cyclization. It is presumed that the ratio [Z-III]j[E-III] is by about 
3-5 orders greater and the ratio [E-III]j[lI] is by about 3-5 orders lower in the 
case of E-IlIc(Z) than in the case of E-IlIa(O). The greater stability of the spiro 
adduct IIa(A), as compared with the spiro adduct IIc(A), can be explained by the 
effect of methyl group at the picramide nitrogen atom in the case of IIa(A). Alkyl 
groups are known to generally shift the cyclization equilibria in favour of the cyclized 
compounds10• 

The second factor which affects the relative stability of spiro adducts and neutral 
products of the Smiles rearrangement is the share of the cyclizing E-III(O) form in its 
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mixture with the other isomers of compound III. In the case of Z-IIIa(O), the methyl 
group at picramide nitrogen atom lowers (by its sterical interactions) the stability 
of the non-cyclizing Z-form (Eq. (E)) . 

....... NHCH3 
CHz 
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CHJ.,. /C""" 
N 0 

OzNyYNOz 

y 
NOz 

Z-/IIa(O) 

(EJ 

The cyclizing compound E-IIIe(O) is in equilibrium with the non-cyclizable forms 
(Eq. (F)). In contrast to the cyclizing E-IIIa(O) form, both the Z and E isomers of 
compound IIIe predominantly exist in the form of non-cyclizable zwitterions. All 
the forms at the left-hand side of Eq. (F) are stabilized by intramolecular hydrogen 

Z-IIIc(O) 
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bonds and, in addition to it, they have no methyl group at the picramide nitrogen 
atom (the methyl group in compound Z-IIIa(O) favours the cyclizable E-form). 
All the factors given favour the non-cyclizable forms of compound IlIc to the detri­
ment of the cyclizing form E-IlIc(O). 

Z-IIIc(Z) + Z-IIIc(O) + E-IIIc(Z) ~ E-IlIc(O) (F) 

Kinetics of the Reversible Reaction IIc(A) + HA ~ IIIc(Z) + IIIc(O) + A­

The transformation kinetics of compound IIIc into spiro adduct IIc(A) was studied 
in methoxide solutions and in I-butylamine, piperidine, and triethylamine buffers. 
In methoxide and in butylamine and piperidine buffers, the formation of the spiro 
adduct is quantitative, whereas in the triethylamine buffers it leads to an equilibrium 
in which about 2-3% of compound IlIc(Z) is present beside the spiro adduct. 
The observed rate constants kobs increase linearly with methoxide or buffer concentra­
tion, being practically independent of the buffer component ratio. The observed 
rate constant kobs is defined by Eq. (7) 

(7) 

where B means the basic buffer component or methoxide. The ko constant signifi­
cantly differs from zero in the triethylamine buffers only. Table I presents the rate 
constant values found. 

TABLE I 

The rate constants of reversible reaction IIc(A) ~ Il1c(Z) + IIlc(O) in methoxide solutions 
and methanolic buffers 

Buffer 

CH30(-) 

C4 H 9 NH2 + C4 H9 NH3CI 
CSH10N + CSH 10NHCI(1 : 1) 
CSHION + CSH10NHCI(4: 1) 
(C2Hs)3N + (C2Hsh NHCI 
CH3COONa + CH3COOH 

a The parameters a and d from Eq. (10). 

(4·6 ± 0·4). 104 

(8·4 ± 0·6) . 103 

(7·8 ± 0·3) . 103 

(8· 5 ± 0·2) . 103 

(1·6 ± 0.1).103 

(4·5 ± 0·8) . 104a 

(1·1 ± 0·1). 103a 

ko =4±ls-1 

18·4 
11·7 (ref.ll) 
11· 8 (ref.l2) 

10·88 (ref.l3) 
9· 52 (ref.8) 
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The rate of establishing of the equilibrium IIIc(Z) ~ IIc(A) + H+ was studied 
in acetate buffers. The establishing of the equilibrium in the directions -+ and +- was 
followed in the buffers with the component ratio [CH3COONaJ/[CH3COOHJ = 6 
to 0·5 and 1 to 0'25, respectively. The observed rate constants kobs increase linearly 
with the buffer concentration and in the buffers with the component ratios 1 : 1 
and 1 : 2, the same kobs values were obtained for the same buffer concentrations 
when following the reaction in both directions. The linear dependences on the buffer 
concentration extrapolated to zero buffer concentration gave non-zero intercepts at 
the y axis, their values being increased with decreasing [CH3COONa J/[CH 3COOH] 
ratio. For the buffer component ratio of 0'25 the intercept has the value (10 ± 4) S-1. 

The kinetics offormation of spiro adductIlc(A) was also studied in acetate buffers. 
with the component ratio [CH3COONa J/[CH 3COOHJ = 100 and in two triethyl­
amine buffers with gradual addition of acetate. In these cases the dependences on the 
acetate concentration were not linear, the initial increase being steepest at higher 
triethylamine concentration (Fig. 2). 

Findings Obtained from' Kinetic Measurements 

The reversible reactions IIa(A) + 2 H+ ~IIIa(K) and IIb(A) + 2 H+ ~IIIb(K) 
proceed kinetically in two stepsl,Z: the fast cyclization of the E-form is followed by 
the slow isomerization Z-III(K) -+ E-III(K) (the half-lives in seconds). The cycliza­
tion rate E-III(O) -+ II(A) + H+ is much too high to be measured. The reversible 
reaction Z-IIIc(Z) ~IIc(A) proceeded in all the cases in a single step with half-lives 
in milliseconds. Hence, the isomerization Z-IIIc(Z) ~ E-IIlc(Z) must be, in this case, 
by several orders faster than that of compounds Z-IIIa(K), Z-IIIa(O), Z-IIIb(K), 
and Z-IIIb(O). An acceptable explanation is that the isomerization Z-IIIc(Z) ~ 

100 

FIG. 2 

The dependence of the rate constant kobs 50 
of formation of spiro adduct IIc(A) on the 
sodium acetate concentration in triethyl­
amine-triethylammonium chloride buffers 
(1 : 1) with the concentrations [(CzHshN] = 
=1·5.1O- z moll- 1 (1), 5.1O- 3 moll- 1 

(2), and without the buffer (3) 
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~ E-IIIc(Z) is not realized by the rotation around the partiaIIy double bond C=N, 
in contrast to the other isomerizations studied1 ,2 which involved a methyl group at 
the picramide nitrogen atom, but proceeds by the inversion at nitrogen atom in the 

(-) 
dipolar ion IIIc(Z) or anion IIIc(A) (PiNCOCH2NHCH3). In all the buffers used, 
the transformation IIIc(Z) ~IIc(A) proceeded as a generally base- and a generaIIy 
acid-catalyzed reactions in the directions -+ and +-, respectively, which means that 
the rate-limiting step always consisted in the proton transfer and not in the cycliza­
tion, ring opening of spiro adduct, or the isomerization itself. 

The largest body of information about the mechanism of the reaction IIIc(Z) ~ 
;.::'! II c( A) was provided by the measurements in acetate buffers where the reversible 
reaction is catalyzed by both the buffer components according to Eq. (8) 

(8) 

where kf and kr mean the reaction rate constants in the directions -+ and -+, respecti­
vely. Since in the 1 : 1 acetate buffer the concentration ratio is [IIIc(Z)]j[IIc(A)] ~ 
~ 1 (ApKA = 0·02 (Eq. (3» is smaller than the experimental error), it is kr ~ kr ~ k. 
Hence, Eq. (9) is obtained for the rate constant kobo' * 

kobo = k f [CH 3COONa] + kr[CH 3COOH] = 
= k([CH3COONa] + [CH3COOH]) = k[buffer] (9) 

In Fig. 3 there is the pH dependence of log kobo (Eq. (9». At the highest pH values, 
the rate of the predominant reaction is independent of the proton concentration, 
with decreasing pH the other reaction pathway gradually becomes significant, 
and the rate increases with increasing proton concentraion (the increasing positive 
slope value in Fig. 3). The further pH decrease again causes lowering of the slope 
in Fig. 3, which means that the rate-limiting step of this second reaction pathway is 
changed, and the reaction rate again becomes independent of the proton concentra­
tion. The mentioned pH dependence of the rate constant is described by the empirical 
kinetic equation (10) (ref.14) 

b[H+] d 
k=a+ =a+----

1 + c[H+] 1 + ej[H+] 
(10) 

The theoretical dependence in Fig. 3 was calculated from Eq. (10) with application 
of the folIowing parameters: a = 1'1.103 I mol- 1 S-l, d = 4'5.104 I mol- 1 s-1, 

• More precisely, kobo = k[buffer] + ko, where ko means the rate constant of the reaction 
catalyzed by methanol and by the proton. 
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e = 2·2 .1O- 9 Imol- 1 S-I. At higher concentrations of acid, compound IIlc(K) 
(pKA3 = 8·0) is accumulated in the reaction mixture. Therefore, the rate constant 
kobs calculated from Eq. (9) for acetate buffers with [CH3COOH]/[CH3COONa] ~ 1 
was corrected by multiplication with the fraction P (Eq. (11)) 

P = ([IIlc(Z)] + [Ilc(A)])/([IlIc(Z)] + [Ilc(A)] + [IIlc(K)]). (11) 

Conceivable reaction pathways of the reaction III c(Z) ~ II c( A) are given in Scheme 3. 
The dipolar ion Z-IlIc(Z) can be converted into Z-IlIc(O) by the proton transfer 
involving intramolecular hydrogen bond, but E-Illc(O) can only be transformed via 
the cation E-IIlc(K) or anion E-Illc(A). In basic acetate buffers the reaction pre­
dominantly goes via the anions E-Illc(A) and/or Z-IIlc(A). With increasing proton 
concentration, the pathway involving the formation of the cation E-Illc(K) as 
the rate-limiting step becomes more advantageous. At the highest proton concentra­
tion (in acetate buffers), the rates of the transformations E-Illc(O) + H+ ~ E-IIlc(K) 
and E-Illc(O) ~ H+ + E-Ilc(A) are comparable, and the reversible transformation 
Ilc(A) ~ Ilc(Z) gradually becomes rate-limiting. 

E-IIIc(K) Z-IItc(K) 
_ _ $ ~ 7 ~ 

/lc(A) -- IIc(Z) ---- E-/llc(O) E-lItc(Z) ~Z-lllc(Z) ~ Z-lIlc(O) 

~ ~ 
E-IIIC(A)~ / 

Z-IIIc(A) 

SCHEME 3 

4·2 0 

FIG. 3 
log kObO 

/ 
/ 

3·8 
'7 

/ 
/ 

The dependence of logarithm of the rate 
constant kobo of formation of the equilibrium 
mixture IIIc(Z) + IIc(A) on pH in the 
acetate buffers. The full line was calculated 
from Eq. (10) with application of the cor­
rection factor P (Eq. (11) and the parameters 
a = 1-1 . 103 I mol- 1 s - 1 , d = 4· 5 . 104 I . 
. mol- 1 s-l, e = 2.2.10- 9 moll-I. The 
dash line has the slope 1 

3·4 '-:-'--__ ---1. ___ -1..._---' 

10·0 9·5 
pH 

9{) 
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A more accurate picture of the reaction courses in Scheme 3 can be obtained by 
an attempt at determination of the values of some rate and equilibrium constants 
on the basis of analogy with the systems studied earlier1 ,2. The empirical kinetic 
equation (10) is reduced, at high proton concentrations, to the simplified form 
k = d = 4· 5 . 104 I mol- 1 s - 1, k being - under this approximation - the rate 
constant of the reaction IIc(A) + CH3COOH ":lIc(Z) + CH3COO<->. As the 
pKA values of the dipolar ions type Ilc(Z) are always substantially smaller than 
pKA of acetic acid1 ,2, the reverse reaction is thermodynamically advantageous. 
By analogy with the reaction (G) we can presume the approximate value k = 2 . 
. 108 I mor 1 s - 1 for the rate constant of the reverse reaction of the zwitterion 
IIc(Z) + CH3COO<-) --+ IIc{A) + CH3COOH. Hence for the zwitterion IIc(Z) 
we obtain the value pKA = 5·6. For the zwitterion of spiro adduct Ilb(Z) we found 
by measurementl the value pKA = 5'85, and BernasconilS gives the value pKA = 5·7 
for the zwitterion of the spiro adduct in Eq. (G) (in water). From the assessed value 
pKA of the zwitterion IIc(Z) (5'6) and from the pKA2 of the equilibrium IIc(A) .,: 
":IlIc(Z) (9'25) it follows that the concentration ratio [lIc{Z)]j[IIlc{Z)] is about 
2'2.10- 4 • 

n 
o N-CH3 

02
N'o/N0

2 , (-): + , , 
..... --" 

N02 

r--\.)/CH 3 

o N-H 
02N~N02 

~ y+HPOt 

NOz 

(G) 

In the case of compound lIa{A), the value pKA2 = 9·27 was found for the reaction 
Z-IIIa{K) .,: Z-IlIa{O) + H+ from the kinetic measurements1 • The equilibrium 
E-IlIc(K) ~ E-lIlc(O) + H+ is presumed to have a similar pKA value. The pKA 
value found experimentally for the reaction Z-IIIc(K) .,: Z-IIIc(Z) + H+ is 8'01. 
This value is lower when compared with the above-mentioned presumed pKA value 
(~9'27), because the zwitterion can be stabilized by two intramolecular hydrogen 
bonds. The dipolar ion E-IIlc(Z) can be stabilized by a single intramolecular hydrogen 
bond and, therefore, is a somewhat stronger base than Z-IIIc{Z), being, however, 
a far weaker base than E-Illc{O). Therefrom it follows that the reaction of E-IIlc{K) 
with acetate will more rapidly produce the thermodynamically more stable dipolar 
ion E-IIlc{Z) than the uncharged E-IIIc{O), hence the rate-limiting step of the acid­
-catalyzed transformation IIc{A) --+ E-IIIc(Z) will be the step E-IIlc{O) .,: E-IIIc{K). 

Scheme 4 describes the transformation of the spiro adduct IIc{A) into compound 
E-IIIc(Z) via the cation E-IIIc{K). The rate-limiting step consists in the reaction 
of neutral compound E-IIlc(O) with acetic acid, hence the rate constant k (Eq. (9) 
is defined by the relation (12), 
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lie (A) 
/(1. CH3COOH .. 

11, CH3COO<-1 

I( 
IIc(Z) ~ E-lIIe(O) /(2 • CH3COOH .. 

t 2.CH3COOH 

E-lIIe(K) 
CH3COO<-I .. 

CH3COOH 
E-IIIc(Z) ----- Z-IIIc(Z)' 

SCHEME 4 

k = k1 [CH 3COOH] Kadk2 

k_ 1 [CH 3COO<-)] + K adk2 [CH 3COO<-)] 
d 
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(12) 

where d = kl and e = k-1KHAjk2Kad' where KHA is the dissociation constant of 
acetic acid (5'6.10- 1 °). The form of the kinetic equation (12) is, except for the 
constant, identical with the empirical equation (lO). According to Eigenl6, the rate 
constant of the proton transfer between acetic acid and amine with L\pKA = 0 has 
the value of about 3 . 108 I mol-I s -I. On introducing the above-mentioned values 
of the constants L 1 , k2 (Eq. (lO», and KHA into the expression for e (Eq. (12» 
we obtain the value Kad = 0·15. From the equilibrium constant Kad and from the 
above-mentioned ratio [Ilc(Z)]/[IlIc(Z)] = 2'2 . 10-4 it is possible to calculate the 
ratio [E-IIlc(O)]/[Z-IIlc(Z)] = Kad • 2'2.10- 4 = 3'3.10- 5 • 

The value given for the ratio [E-IlIc(O)]j[Z-IlIc(Z)] depends only on the value 
of parameter e found from the kinetic data, on the dissociation constant of acetic 
acid (from ref. 8), and on the assessed value of the rate constant k2 (ref. I 5). The error 
of the estimate of k-l (and, hence, also of the ratio [Ilc(Z)]/[Z-IIlc(Z)]) is accom­
panied by the same error in the estimate of Kad, they cancel each other and have no 
effect on the magnitude of the [Ilc(Z)]/[Z-IIlc(Z)] ratio. If we would presume the 
error in the estimate of pKA of the reaction Z-IlIc(Z) ~ Z-IIlc(O) to be ± 1 (i.e. 
the value pKA = 9·25 ± 1), which is a very pessimistic presumption, then the k2 
rate constant should have the value in the range (1'2 to 6'0) .108 I mol-I s-1, and the 
concentration ratio [Ilc(Z)]/[Z-IIlc(Z)] = (4'5 ± 3) . 10- 5 • Hence, the concentration 
of the zwitterion of spiro adduct Ilc(Z) is more than by four orders of magnitude lower 
than that of zwitterion Z-IlIc(Z). Therefrom it follows that the replacement of hy­
drogen atom at the picramide nitrogen of compound IlIc by a methyl group (com­
pound IlIa) increases the equilibrium constant of the reaction E-IIlc(O) ~ Ilc(A) + 
H+ by 3·5 orders of magnitude. 

In the amine-ammonium chloride buffers used (amine = 1-butylamine, triethyl­
amine, piperidine), in methoxide solutions, and mostly also in basic acetate buffers, 
the transformation Z-IIlc(Z) ~ Ilc( A) goes through a negative intermediate or 
intermediates (Scheme 3). The value pKA :::: 15·3 is presumed for the reaction 
Z-IlIc(Z) ~ Z-IIlc(A) + H+ for the following reasons: a) the dependence of kobo 
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on [CH30-] is linear up to the methoxide concentration [CH30-] = 8.10- 3 mol . 
. 1-1 (pH 14·8), hence the pKA value of the above-mentioned reaction must be greater 
than 15; otherwise a decrease of the dependence slope would be observed; b) from 
the below-given calculation of kobs it follows that the pKA cannot be greater than 15·3. 

For the acetate buffer [CH3COONa]j[CH3COOH] = 100 we compared the k 
value (1·1 . 103 I mol -1 s -1) determined from the pH dependence of log k (Fig. 3) 
and Eq. (10) with that determined theoretically from Scheme 5 according to which 

Z-/IIc(Z) 
CH COO(-) 3 _ 

CH3COOH 
Z-IIlc(A) £..,/IIc(A) 

E-JIIc(O) -- IIc(Z) 
CH COO(-) 3 _ 

CH,COOH 
/IdA) 

SCHEME 5 

the reaction of E-IIIc(A) with acetic acid represents the rate-limiting step of the 
transformation. In the acetate buffer used the ratio is [Z-IIIc(A)]j[Z-IIIc(Z)] ~ 10- 4 

(pH 11·25; pKA ~ 15·3). Even if we presume the equilibrium constant of the isomeri­
zation Z-IIIc(A) ? E-IIIc(A) to be Ki = 10-3 and the rate constant of the reaction 
of E-IIlc(A) with acetic acid to have the value of 5 . 109 I mol- 1 S-1 (which is the 
maximum value for a diffusion-controlled reaction of acetic acid with an amineI6), 
we obtain the value of the rate constant kca1c = 10- 4 .10-3.5.109 .10- 2 I mol-I . 
. S-1 = 51 mol- 1 S-1 in a buffer with [CH3COOH] = 10- 2 mol 1- 1 and 
[CH3COONa] = 1 mol I -1. The calculated value of the rate constant (kcalc) is by 
two orders of magnitude lower than that determined from kinetic measurements 
(1.1.103 I mol- 1 S-I), which means that the mechanism presented in Scheme 4 
is not satisfactory. Also unsatisfactory is the analogous mechanism (H) involving 
the isomerization of zwitterion in the first step. 

Z-IIIc(Z) ? E-IIIc(Z) ? E-IIlc(A) -+ E-IIIc(O) (H) 

From the value pKA 15·3 and the ratio [E-IIlc(O)]j[Z-IIIc(Z)] = 3'4.10- 5 we 
obtain the value pK 10·8 for the acid-base reaction E-IIIc(O) ? Z-IIIc(A) + H+. 
Hence the reaction of the dipolar ion Z-IIIc(Z) with acetic acid (pKA2 9·25) is con­
siderably advantageous thermodynamically, and it is possible to suggest that the 
cyclizable compound E-IIIc(O) is formed by a reaction pathway avoiding the thermo­
dynamically unfavourable formation of the anion E-IIlc(A). In this mechanism, the 
protonation of the anion Z-IIIc(A) with acetic acid is connected with the isomeriza­
tion as the rate-limiting step. The reaction course is represented in Scheme 6. 
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Z-lIIo(Z) 

SCHEME 6 

+CH 3COo':;", 

:;:CH3COOH 

[complex] 

[-lIle (O~ 

Z-lIle(A) 

Z-II/c (0) + Z-IIIc(Z) 
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The anion Z-IIIc(A) produces a complex with acetic acid; the complex is either 
decomposed to the starting substances, or (depening on mutual orientation of the 
anion and acetic aCid) reacts reversibly (to give Z-IIIc(O) and Z-IIIc(Z)) and ir­
reversibly (to give E-IIlc(O)); the product E-IIIc(O) undergoes cyclization to spiro 
adduct IIc(A) in a subsequent reaction sequence. As the reaction Z-IIIc(A) + 
CH3COOH -+ E-IIIc(O) + CH3COO(-) is thermodynamically favourable (ilpK ~ 
~ 1'6), the reverse decomposition of the complex is probably slower than the forma­
tion of the neutral intermediates E-IIlc(O) and Z-IIIc(O). For the rate of formation 
of E-IIlc(O) we can presume the value of (0'5 to 1) .109 1 mol- 1 s-1, hence keale = 

= 10-. 4 .10- 2 . (0'5 to 1).109 = (0'5 to 1).103 1 mol- 1 S-1. This value agrees 
well with the constant found (1'1.103 1 mol- 1 S-1). 

By analogy, the same mechanism with the same rate-limiting step also applies 
to the reactions carried out in the butylamine and piperidine buffers and methoxide 
solutions. In the triethylamine buffers, the rate constant keale is about four times as 
high as the value found experimentally. The reaction of the zwitterion IIc(Z) with 
a secondary and, still more, with a tertiary amine Eq. (I) is subject to steric hin­
drance17 . 

(+) 

IIc(Z) + R3N -+ IIc(A) + R3NH (I) 

In the case of the reaction with triethylamine, the retardation of the reaction (1) 
due to steric hindrance can be so great that this step becomes rate-limiting. This is 
also obvious from the kinetic experiments in which the dependence of kobs on 
[CH3COO(-)] was determined in the triethylamine-triethylammonium chloride 
buffers (Fig. 2). Slopes of the dependences have higher value at the acetate con­
centrations aproaching zero, especially so in the buffer of higher concentration. At 
the lowest acetate concentrations, the rate-limiting step predominantly consists 
in the reaction of the zwitterion IIc(Z) with acetate ion and triethylamine, because 
the formation of E-IIlc(O) is considerably accelerated by the triethylamine buffer 
(the rate constant calculated from the slope of the dependence of kobs on 
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[CH3COO<-)] at [CH3COO<-)] ~ 0 in a buffer with the ratio [(C2H5hN]/ 
1[( C2H5h NHCl] = 1 and the concentration [( C2H5hN] = 1'5 . 10- 2 moll- 1 has 
a value above 1. 104 I mol- 1 s -1). With increasing acetate concentration, the 
reaction of the zwitterion IIc(Z) with acetate ion is accelerated several times and 
becomes faster than the formation of E-IIIc(O) , hence formation of E-IIIc(O) 
becomes the rate-limiting step. The rate constant calculated from the linear depen­
dence of kobs on [CH3COO< -)] at higher concentrations of acetate is (1'2 ± 0·15) . 
. 1031 mol- 1 s-1, which is - within experimental error - the same value as 1·1 . 
. 103 I mol- 1 s -1 found for the given reaction pathway by the measurements in 
acetate buffers (Eqs (8) and (10)). 
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